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The vector meson a;-^ mixing is studied in two alternative scenarios with different numbers of 
mixing angles, i.e., the one-mixing-angle scenario and the two- mixing- angle scenario, in both the 
octect-singlet mixing scheme and the quark flavor mixing scheme. Concerning the reproduction of 
experimental data and the behavior of transition form factors, one-mixing-angle scenario in the 
quark flavor scheme performs better than that in the octet-singlet scheme, while the two-mixing- 
angle scenario works well for both mixing schemes. The difference between the two mixing angles 
in the octet-singlet scheme is bigger than that in the quark flavor scheme. 

^ . PACS numbers: 12.39.Ki, 13.40.Gp, 14.40.-n, 14.40. Aq 
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(D ■ I. INTRODUCTION 

lO I In the investigation of the internal structure of hadrons, quarks and gluons are fundamental degrees of freedom 
whose behavior is controlled by quantum chromodynamics (QCD). Because of the confinement property, perturbative 
QCD is only applicable at large energy scale. To study hadronic properties at low energy scales, nonperturbative 
. effects must be taken into account. Some fundamental nonperturbative QCD approaches are available, such as lattice 
rS i' QCD methods and QCD sum rule techniques. Different relativistic quark models also provide convenient ways to 
JL describe hadrons. The light-cone constituent quark model, which is used as an effective low-energy approximation to 
QCD, is one of them. 

^ The light-cone formalism P, [3, S] provides a convenient framework for the relativistic description of hadrons in 
terms of quark and gluon degrees of freedom. The hadronic wave function can be described by light-cone Fock state 
expansion: 

\M) = + li'iaHiia + ■ • • : (1) 

■ \B) = J2\'i'i'i^^'}11+J2\™9)i^qqqg + --- ■ (2) 

To simplify the problem, we take the minimal quark-antiquark Fock state description of photons and mesons to 
QQ calculate their transition form factors, decay widths and other properties. 

, The investigation of the electromagnetic transition processes between pseudoscalar mesons and vector mesons is 
!| ' helpful to understand the internal structure of mesons. The pseudoscalar transition form factors Fjjj{Q'^) and Fjj'^{Q'^) 
. ^ " provide a good platform to study the rj and rj' mixing effects 0, S • There are two mixing schemes when studying 
' Tj-r]' mixing: the octet-singlet mixing scheme and the quark flavor mixing scheme. According to other works devoted 
?H I to r}-r]' mixing 0, [H, @], both schemes work well when only rj and rj' are involved. Sometimes a second mixing 
angle is introduced to study r]-!]' mixing, especially when studying their decay constants [1, [13, [HI ■ So there are two 
alternative scenarios with different numbers of mixing angles: the one-mixing-angle scenario and the two-mixing-angle 
scenario, in both the octet-singlet mixing scheme and the quark flavor mixing scheme. 

Similarly, Lo-cj) mixing can be studied through transition and decay processes. Naturally the to-cj) mixing can also 
be studied in two mixing schemes corresponding to the 77-77' mixing. Many works have been done concerning the 
uj-(j) mixing [T^ [Tsl Il4| . but only in the one-mixing-angie scenario. In this paper we extend the two-mixing-angle 
scenario into the study of the to-cj) mixing. 

When studying the vector mesons, measurements of their branching fractions and transition form facto rs p rovide 



important tests of different models. The decays of ui, 4> have been studied for many years [T^, [T^, \v\_ 



im The 



conversion decays 4> rje^e and u — > Tre+e were collected with the CMD-2 detector in recent years and 
not only their branching fractions but also related transition form factors F^^jj-^* {Q"^) , Fj^^^-y. (Q^) in the time-like 
region were analysed. Recently there were also some new data about lo — > 717 transition form factor extracted from 
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proton-proton collisions (2l|. With the light-cone hadronic wave functions, the decay widths and transition form 
factors of radiative decays V P7 or P — > (with V ~ iv^cfi, P = TT,r],r]') can be calculated and compared with 
experimental data. In this paper we try to study uj-cf) mixing using one- mixing- angle scenario and two-mixing-angle 
scenario, respectively, with the octet-singlet and the quark flavor mixing schemes in the light-cone quark model. We 
give four sets of wave function parameters and vector meson mixing angles of Lu-(j) in different schemes and compare 
the behaviors when predicting the evolution of the form factors. 

In this paper, all the parameters of the model are re-determined by the electroweak processes according to the 
constraints in previous papers ^Ej i2j, [H, [l^l with new experimental data from PDG (2008) [2^. In Sec.|TTl we give a 
brief review of meson light-cone wave functions and form factor calculations. In Sec. Illli we exhibit the two mixing 
angle scenarios in two mixing schemes in our calculation. In Sec. IIV[ numerical results of vector meson form factor 
evolution are presented and compared with experimental data. 



II. LIGHT-CONE SPIN WAVE FUNCTIONS AND TRANSITION FORM FACTORS 

Based on light-cone quantization of QCD [U, 0, Q , the hadronic wave function can be expressed using the Fock 
state expansion: 



n ^ 1 16^' '^(1 - E ^')'^^'^ (E ^.^+,^.P± +k±., A,)V'„/Af(^.,k^., A.).(3) 

. ■ 1 = 1 V 2=1 t — 1 



The wave function VAi/a/I^*' k^i, A^) is the amplitude for finding n constituents with momenta 

{xiP^ , ™'"'"^^.^^+^^^'"' ,XiP±^ + kj^i), and Xi is the helicity of the i-th constituent. 

For simplicity we just take the minimal quark-antiquark Fock state description of mesons to calculate their radii, 
decay widths, transition form factors and other quantities. Thus a meson Fock state (n = 2) is described by, 

-_=^|x, k^, Ai, A2)V^^/ (x, k^, Ai, A2) (4) 



x{\ — x)167r'^ 

^ff(x,k^,Ai,A2). (5) 



\/ x(l — x)167r3 
The model wave function is given by [2^, [13, HI] 

«'f|(x,k_L,Ai, A2) = (^(a;,k^)xM(a;,k_L,Ai, A2). (6) 

Since there is no explicit solution of the Bethe-Salpeter equation for the mesons, harmonic oscillator wave function 
in the Brodsky-Huang-Lepage(BIIL) prescription [3, [1^ is adopted to describe the quark momentum-space wave 
function, 

tp{x,'ki_) = (pBHL(a:,k_L) = Acxp 



8/32 I X ^ 1-x 



(7) 



xfl (a;, kj_, Ai, A2) is the spin wave function which is obtained through the Melosh-Wigner rotation or, equivalently, 
by proper vertices for mesons. 

The instant-form state 'y(T) and the front- form state x{P) of spin-i constituent quarks are related by the Melosh- 
Wigner rotation [13, SS]: 



X\{T) = w.,[{kt +m,)x\{F) + k^x\{F% 



(8) 



where Wi = 1/ y 2fc^(fc" + m^), k^'^ = fc^ ± fc^, fc+ = fc" + fc'^ = xM.; here ki is the momentum of the quark with 

mass mi, the invariant mass of the composite system is M. — \^ — - H 137^ • The Melosh-Wigner rotation is 

essentially a relativistic effect due to the transversal motions of quarks inside the hadrons, and such an effect plays 
an important role in understanding the proton "spin puzzle" in the nucleon case [sil [3^ . 



3 



In the light-cone frame, momentums of the meson and its constituents are: 



M2 

P = (P+,p-,P^) = (P+,_,Oj 



uP+ 



{{l-x)P^ 



{l~x)P+ 



(9) 
(10) 
(11) 



With these momentums substituted into the Melosh-Wigner rotation, we get coefficients C£j g^{x,'k±, Xi, X2) in the 
spin wave function 



The same wave function can be obtained if a proper vertex is chosen for the meson [2^. [ssj. that is, 

u{ki,Xi)TMvik2, A2), 

with 

1 



r, 



V2a/A^^ - (mi - TO2) 



f75 



for pseudoscalar mesons, and 

Tv = - 



V2^M2 - (mi - mz)' 



fci — k 



M + nil + 1712 



for vector mesons. 

The above two methods lead to the same meson light-cone spin wave function: 

Xp{x,kj_,XuX2)= J2 C^{x,^±,M,^2)Xi'{F)x2'{F) 

Ai ,A2 

for pseudoscalar mesons [23, [28| (the subscription 5^ = is omitted), where 

C^(x,ki,T,T) = ^w-H-k^)iM+mi+m2) 

Cp (a;,k_L,t,i) = ^w"-^((l - a;)mi + a;m,2)(A^ + m,i + m,2) 

Cp(x,k^,i,t) = ^u;""^(-(l - a;)mi - a;m2)(A^ -I- mi 4- m2) 

C^(x,ki,i,i) = -i=w-i(-fc«)(M+mi+m2), 



with w ~ {A4 + mi + m2)y^x{l — x)[A4-^ — (mi — m2)^]; 

X^^(x,k^,Ai,A2)- J2 C^.,sA^,^±,M,X2)xi'{F)x2HF) 



Ai ,A2 



for vector mesons |2j|, where 



i(a;,k_L,T,T) = w^M^i + (A^ +mi +m2)((l - a;)mi -Fa;m2)] 

C^i(a;,kx,T,i) = w;-Mfc^(a;7W +mi)] 

C^i(a:,kx,i,T) = w-^[-k''{{l^x)M+m2)] 

[ c^,{x,k^,ui) = w-'[-{k^n 



(12) 



(13) 



(14) 



(15) 



(16) 



(17) 



(18) 



(19) 



r Cf,o(x,kx,t,T) = ^w-i[fc^((l-2a;)M + (m2-mi))] 

I Cfo(x,k_L,t,i) = ^w-H2ki + (7W+mi+m2)((l-.T)mi+2:m2)] 

I C^o(x,ki,i,t) = ^u;-i[2k2^ + (X +mi +m2)((l -x)mi +a;m,2)] 

[ C^.o(x,kx,i,i) - ^7«-i[-fc"((l-2x)X + (m2-mi))]; 
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r Cf_i(a;,ki,t,T) = w-^[-{k^Y] 

Cf_i(a;,k^,T,i) = w-^[kH{l~x)M+m2)] 

' C^,_i(a;,k^,i,T) = w-'[-k^ixM+m,)] ^^'> 

^ C^_i(a;,k^,i,i) = w-'^[\^\ + {M+ml+m2){{l-x)ml+xm2)]. 

These coefficients satisfy tlie normalization condition 

^ Ci;:s^(x,k^,Ai,A2)C|;,sJx,k^,Ai,A2) = 1. (22) 

Tlierefore, the Fock state expansion coefficients in the light-cone wave function of the mesons are 

■0'^"(a;,k^, Ai,A2) = C£ (x, k^, Ai, A2)(/3BHL(a;, k). (23) 

Pseudoscalar meson radii, the decay widths of pseudoscalar and vector mesons IJ'^'^, 77, V e+e~, 

P V'y, V Pj, and all the transition form factors of these processes can be calculated in the light-cone quark 
model using above meson wave functions. Supposing that the instant-form wave functions of the mesons A and B in 
flavor space are simply \q1q2), the transition form factor of A ^ B'y* is defined by (ssj 

(B(P')k1^(^,A)) =zeFA^s^(Q2)eM-P-£^(P^A)P;P., (24) 

where, e(P, A) is the polarization vector of the vector meson. In the Drell-Yan-West [s^l frame, the kinematics are, 
as shown in Fig. (TJ 




FIG. 1: The diagram for the transition form factor Fa-^b-^ in the Drell-Yan-West frame. 



g 

P 
P' 
Pi 

P2 

P'l 
IP'2 



(0,¥?,qx) 
(^+,#,0j 

(p+ M^+ql 
7 P+ 



(2:P+,^,k^) 

{{l-x)p+,^^^,-k^) 

ixP+, !!li±(^i^, x(-q^) + (k^ - (1 - .x)qx)) 



(25) 



Then, we get the transition form factor of ^ P7* or P V'^* calculated by the light-cone quark model in the 
Drell-Yan-West frame: 



FA^Bj'iQ^) = 



{B{P')\J+\A{P,X = +1)) 



in which 



iee+''P''eu{P, A = +l)P;Pa 
= QqiIvP'r[mi,m2,AA,PA,AB,PB] - QqJvp-iVrL2,rni, Aa, Pa, Ab, 13b], 



/dxd^k^ 1 
167r^ x{l- x) ^*^^^^^^^^^ 



(26) 



(1-x) 

((1 - x)mi + xm2){M -|- mi -t- r7i2)(l — x) + 2(1 - x)k^ sin^(0 — ip) 
{M +mi+ m2)\J M?- - (wi - m2Y-^ M'^ - (mi - 7/12)^ 



(27) 
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Here, (Pa.bO<-±, Aa^b, Pa.b) = ^^.sexp 



k', 



12 



r,1 — ^2 



x 1 — a:; ' 

is the momentum of the vh'tual photon, and in DreU-Yan-West frame, — —q^ = q^; Qq^ and Qq^ are electric 
charges of qi and 52 • The other formulas for decay widths and form factors are presented in Appendix \X\ 



III. TWO MIXING ANGLE SCENARIOS IN TWO MIXING SCHEMES 



There are mainly two mixing schemes concerning 77-77' or uj-(j) mixing. One is the octet-singlet mixing scheme 
(denoted as 08) [35|,[3i], 



\v) 
W) 



cos 61^8 
sin 61^8 



COS! 

sin 9n 



08 



sm( 



— sm( 



08 



08 



1^8) 
1^0) 

^8) 



(28) 
(29) 



where, 9^^ and are, respectively, the pseudoscalar meson mixing angle and the vector meson mixing angle in the 
octet-singlet mixing scheme. Here, the flavor SU(3) octet basis is {ips) = "^(^^ + dd — 2ss) and singlet basis is 
I^/jq) = -^{uu + dd + ss) (for tp = t] or uj) . The other is quark-flavour basis mixing scheme (denoted as qs) [1,0]: 



qs 

r 

qs 



sm COS 



qs 



\Vs) 



(30) 
(31) 



where, 9^^ and 0^ are the pseudoscalar meson mixing angle and the vector meson mixing angle in the quark flavor 
mixing scheme, and the quark flavor bases are \tpq) = -^{uu + dd), ji/'s) = ss (for — 7] or lj). 

The two schemes are equivalent to each other by 9qs = 9os + arctan(\/2) when the SU(3) symmetry is perfect. This 
relationship is not maintained when we take into account the SU{3)f breaking by @: 



m -- 

for the octet-singlet scheme, in which 



1 - 2 

—^{uu + dd) ipl{x,k±) - --j=ss (pg{x,k±), 

—i={uu + dd) ^Pq{x, k^) H — -=83 ipQ{x, kj.) 



V3^ 
V?|(x,kj 

(/3|(x,kj 

<Po(2;,kj 
(pg(x,kj 



V3^ 



As, exp[- 



8/3|a;(l-x)J 

S,f3lx{l-x)\ 
. r m^+k^ I 

^0 exp[- 8^/,(i_,) ] 

m^+k^ 1 



Ao exp[- 



8/32a;(l-a;)J' 



(32) 
(33) 



(34) 



and 



for the quark flavor scheme, in which, 



\il}q) = --j={uu + dd) ip''{x,'k^), 
= ss (p'*(a:,k_L) 



^9(x,ki) - AqeM-s(4^\ 



V'{x,ki_) = ^exp[- 8]3MT3^)J- 
In the octet-singlet mixing scheme, the decay constants of the pseudoscalar mesons are given as follows, 

/s cos 6*^8 -/o sin 0^8 









(1 


1) 


-{ 



^08 

/s sin 6*^8 /o cos 6I,-^ 



08 
08 



(35) 
(36) 

(37) 
(38) 
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The axial- vector anomaly and partial conservation of axial current (PC AC) lead to p^ : 



- 77) = ^ (-^ cos 9^, - sin 6^,,^ , (39) 



Combining the above with 



r(^'-77) = -^[^f-sin0^,s + f-^^os9l,] . (40) 



F^^^^.(02) = F^,_^^.(Q2)cos0^8-F„„^^^.(Q2)sin0^8> (41) 



and their behavior when ^ oo, 



lim Q^F„,^^^.{Q^) = cg/^s,, (43) 
lim g2i^^„^^^.(Q2) ^ cofr,,,, (44) 



one can constrain the 77-77' mixing angle and parameters, while theoretical model calculation gives 

1 2 

^r,8^77*(Q^) = -^(Qn + '9d)-^P77-[w«>As>/3»?8] - -^Q?^P77*[™s>^'78>^r,s],, (45) 

■P'r,o^77*('3^) = ■^iQl + Qd)IPir'i'n^u,A,,^,,(3.^,,] + -^Qllp^^4ms,A^„,f3^^,].. (46) 
The decay constants and transition form factors of the vector mesons uj and </> are 

f U \ ^ f (^os0Xs -sin6lj; \ f Us\ /47^ 
1^ ; - 1^ sin 00^8 cosej; ^ 



F^^^^.{Q^) \_( cos^^s -sin^p^g ^ ( F^,^^^,{Q^) 

'o8 



(48) 



-fa; — *??7* (Q ) 



cos I 



08 
qV 



-sinews 

08 



cos I 



cosSfs 
sin 6*^8 



— sm ( 
cosT 



08 
08 



F^ 



- t^o^»)o7 



>)s7* (Q ) 



(49) 



in which. 



Fuia^-rr'f' {Q ) 

FuJs^Vol'iQ ) 
-Fa)o-*Jj87* (Q ) 



-^/yp^ [?77,g, , /3i^g , yljr, /Stt] 

" '2 



|(f^yP7['TT'(3;^a;8i/3a)8i^T)8)/3r;s] ~ §-^1/^7 , A, 
-^(|jyp^[?77^,A 



^ (|/yPT,[?ng, A 



Puio 1 A-ris : Prig ] + 



u)Q ; Mojo 5 



(50) 



In the quark flavor mixing scheme, the formulas are similar to those in the octet-singlet scheme as shown in 
Appendix [B] 

Up to now we just use one-mixing-angle scenario in both the octet-singlet and the quark flavor mixing scheme. 
We can also introduce two- mixing- angle scenario to do phenomenological investigation, especially when studying the 
decay constants of pseudoscalar mesons [1, H^l • 

As stated in Ref. 37], the Fock state decomposition of a charge neutral meson can be generally expressed as: 



|Af) = C'M + ClM + C^gg) + Ct,\cc 



(51) 
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By truncating only the valence Fock states and doing phenomenological analysis, two mixing angles could be introduced 
for the meson state mixing. The relations are analogous to the mixing of the pseudoscalar meson decay constants [1] . 
To simplify the problem we just assume that the mixing angles in the valence Fock state decomposition are equal to 
those in the pseudoscalar meson decay constant mixing. 
Take the octet-singlet mixing scheme for example, 



cos 
sin 



nS 
^8 

^8 



sin 9^ 



\Vo) 



(52) 



where 6^,6^ are the two mixing angles introduced for pseudoscalar mesons ij-rj' in the octet-singlet mixing scheme. 
Then the decay constants of the pseudoscalar mesons are given by 









(1 


i) 


-i 



fs COS 9f 



-/osin6lf 



fs sin 6*1 /o cos 9^ 



The axial-vector anomaly and PCAC lead to 



77 



77 



647r3 



647r3 



'-^^cos6'i? - f^sm9§' 

fvs " fvo ^ 



9'o 



■ sm 



-p-cos6'r 

fvo 8 



cosi9l - 91) 



Combined with 



and their 
parameters. 
Similarly, uj- 



^77* (Q ) — -^?78— >77* (Q' ) cos 

+77* (Q^) = Fng^jj'-{Q^)sm9g 



»)0-»77 



(Q')sin 



^^0^77* (Q^) COS 6*^, 



(53) 

(54) 
(55) 



(56) 
(57) 



behavior in Eqs. (|43l44p . theoretical formulas Eqs. (|45l46p can be used to constrain the 7777' 



mixing can also be studied with two-mixing-angle scenario: 



cos 
sin 



qV 

^0 

■)V 



-sin 61^ 
„„„ av 



(58) 



In two- mixing- angle scenario in the octet-singlet mixing scheme, the decay constants and transition form factors of 
the vector mesons lo and (t> are: 



f4> 



')V 



cos Wg — sm 

8 



sm( 



ft^O 



(59) 



-^0— >7r7* (^Q ) 



cos 61^ -sin 61 J' 
sin 6*^ cos 6* J' 



F 40'^ 



\ 

( 



(60) 



-^LU — '■J77* (,Q ) 



cos 
sin 



^8 



sin 6*^ 





cos 



cos 6*1 -sin 6'^ 
sin 9g cos 6q 



mi* ) 

1^8— » '707 

PuJo^rtsJ* {Q ) 
2^ 



F, 



F, 



^^0^1)07* 



(61) 



When taking 9§ — 9q — 9qs and 0^ = 9q = 9Qg, one returns back to the one-mixing-angle scenario. 

The two-mixing-angle scenario in the quark flavor mixing scheme is similar to that in the above octet-singlet scheme, 
and it can be obtained just by replacing the octet bases with the quark flavor bases as shown in Appendix [Bl 

When the two mixing angles are not equal to each other, the mixing matrices in Eqs. (|52p and (j58p are not unitary. 
Also, due to the contributions from gluons, cc, and other higher Fock states, it is possible that the left valence 
decomposition of the two mesons are not orthogonal to each other. This justifies the two-mixing-angle scenario as a 
phenomenological method to analyze the contributions from the valence part of pseudoscalar and vector mesons. 

In principle, the mixing angles in the valence Fock state decomposition might be not the same as those in the 
pseudoscalar meson decay constant mixing. Therefore one might introduce more complicated scenarios of three 
mixing angles or even four mixing angles, also with different combinations. However, such procedures would be too 
complicated and the physical significance is also obscure; hence we do not consider these complications further in our 
work. 
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TABLE I: Decay constants, charge radii and decay widths of pseudoscalar and vector mesons for fitting n, K, p parameters. 
The experimental data are taken from PDG (2008) [25j . 

fcxp//cxp (GeV) (Input) Fth//th (GeV) (Output) 

U+ 0.0922 ± 0.0001 0.0922 

(rl) fm^ 0.45 ± 0.01 0.45 

-F^o^.^^.(0) 0.274 ±0.010 0.274 

fK+{K+ fiiy) 0.1100 ± 0.0006 0.1100 

(r|+) fm^ 0.31 ±0.03 0.31 

(r|.o) fm^ -0.077 ±0.010 -0.077 

fp(p^e+e-) 0.1564 ± 0.0007 0.1564 

Fp+^^+^iO) 0.83 ±0.06 0.83 



TABLE IL Optimized parameters we get according to the properties of the mesons in Table |T] 



ruu 








Ak 


Pk 


Ap 


Pp 


0.198 GcV 


0.556 GeV 


47.36 GeV"^ 


0.411 GeV 


68.73 GeV"^ 


0.405 GeV 


48.585 GeV^' 


0.373 GeV 



IV. NUMERICAL RESULTS AND PREDICTIONS 



A. Set TV, K, p parameters 

Following Refs. [1, [13, [H, we use the decay constants, radii and decay widths to determine ruu = ma = niq 
(suppose the isospin symmetry), TOs, Am, and (3m (with M = n, K, p). The experimental data are updated from 
PDG (2008). The parameters and reproduced quantities of the mesons we obtain are listed in Table |T] and Table HIl 



B. Set rjTj', (j>uj parameters in the one-mixing-angle scenario in two mixing schemes 

Take the octect-singlet scheme first. We accept the mixing angle of 77-77' determined by taking into account the 
^ 00 behavior of the form factors of 77, 77' P, i-e., combining Eqs. (I39M6|1 with experimental pole formula, 

the pseudoscalar meson mixing angle can be solved: 



, .S -(1 + C^)(P1 + P2) + v/(l + C^yjpi + P2? + 4(c2 - pip2)(l - C^P1P2) 

tan« = — ^ , (b2) 

2(c^ - P1P2) 



where pi = p2 



pi-j^. The pole-mass parameters are 



taken as the CLEO Collaboration results [38] : 

= 774 ± 11 ± 16 ± 22 MeV, A^ = 859 ± 9 ± 18 ± 20 MeV. (63) 
In the octet-singlet mixing scheme the constants are 

c = -, (64) 
1 2 

CP = (c^,C8,co) = (1, ^). (65) 

Thus the rj-r]' mixing angle in octet-singlet scheme is 6'gg = —16.05°. Then we use the following constraints to set the 
parameters of 77 and 77': 
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F, 



(0) = 



/3r, 



2m„ 



(68) 



\ 



(69) 



The values of these constrains coming form experimental data are displayed in the first column of Table IIIII With 
values of m„, mg, Ap, /3p set in Sec. IIV Al we can proceed to determine parameters of ij and r]' by these constraints. 
The reproduced decay widths given by theoretical fit with optimized parameters are displayed in the second column 
of Table mi 

With the parameters of 77,77' set, the parameters and mixing angle of u-ip are set together by the decay widths of 
uj,(j) e+e" and the decay widths between to, (p and 77, 77', i.e. the following constraints: 

Ty_,^,- = {V = LU,cf>), (70) 

/ ? ? \ 3 



Ty^S, ^ -iFy^Srm [ 2777V J (^^^''^S^^^''?'^'), (71) 

r^,^^., = a\Fs-.vrm'(j^^^^^y (F = c.;5 = 77'). (72) 

Combining these experimental constraints with Eqs. (|47ll50p . we can get the mixing angle and parameters of </> and 
uj as listed in the second column of Table IIVI With all the parameters set as shown in Table IIIII and Table IIVI we 
can calculate the evolving behavior of transition form factors in the spacelike region according to Eqs. (|60ll6ip as 
shown in Fig. [H-Fig. [5l Though many efforts were devoted to determining the branching ratios of the decays V P7 
or P — !■ V^7 (with ^ = w, 0; P = tt, 77, 77'), there are no experimental data about their form factors in spacelike region. 
However, there are some data about these form factors in the timelike region obtained through the study of conversion 
decays of ^ ^ Pe+e" [l^, [H, [2l|. Supposing analytic continuation of the spacelike transition form factors in our 
model in the timelike region according to Ref. [39| , we get the timelike transition form factors and compare them with 
the experimental data. 




FIG. 2: Theoretical prediction of the behavior of the normalized form factor Pa;-.7r7* ((5^)/Paj^7r7* (0) in one-mixing-angle 
scenario and two- mixing- angle scenario in the octet-singlet mixing scheme and the quark flavor mixing scheme. 
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FIG. 3: Theoretical prediction of the behavior of the normalized form factor J^-,^^* (Q^)/,?^^^^* (0) in one-mixing-angle 
scenario and two-mixing-angle scenario in the octet-singlet mixing scheme and the quark flavor mixing scheme. 




FIG. 4: Theoretical prediction of the behavior of Q'^-FL->,r7* (Q'^)/JL;^ir7* (0) in one-mixing-angle scenario and two-mixing- 
angle scenario in the octet-singlet mixing scheme and the quark flavor mixing scheme. 



When changing to the quark flavor mixing scheme, we just make the replacements cg ^ Cq, cq — > Cs, while 

5 \/2 

(c^,c,,Cs) = (1, -, — ). (73) 

We just suppose /3,,^ = firi, to simplify the situation. The parameters we get in the quark flavor mixing scheme are 
listed in the second columns of Table IIIII and Table IIVI 
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-e- 



O 3 



-e- 2 

CNJ 

O 



■ 1-angle scenario in 08 scheme 
- 1-angle scenario in qs scheme 

2-angle scenario in OS scheme 

■ 2-angle scenario in qs scheme 



Q2[Gev2] 



FIG. 5: Theoretical prediction of the behavior of F^^^j» [Q'^) / F^^^j* (0) in one-mixing-angle scenario and two-mixing- 
angle scenario in the octet-singlet mixing scheme and the quark flavor mixing scheme. 



TABLE III: Experimental values [2^ of the r], rj' decay widths are compared with theoretical values. Parameters set in different 
schemes are listed below. 







Fth (GeV) 


i^th (GeV) 


Fth (GcV) 


Fth (GcV) 




Foxp(GeV) 


(one-angle scenario 


(one-angle scenario 


(two-angle scenario 


(two-angle scenario 




in 08 scheme) 


in qs scheme) 


in 08 scheme) 


in qs scheme) 


-Fr7^77* (0) 


0.272 ± 0.007 


0.272 


0.290 


0.272 


0.259 




0.342 ± 0.006 


0.342 


0.283 


0.342 


0.317 




1.59 ±0.05 


1.53 


1.69 


1.59 


1.66 




1.35 ±0.06 


1.74 


1.34 


1.35 


1.42 






-16.05° 


38.29° 


9^ = -26.18° 
= -2.85° 


9^ = 40.57° 
9f = 43.89° 






A„8 = 27.54 GeV"' 


Ar,q = 34.023 GeV-' 


A^s = 41-65 GeV-' 


Ar,, = 34.40 GeV-' 


Parameters 




I3^s = 0.505 GeV 
A^o = 42.50 GeV-' 


= 0.525 GeV 
A^s = 54.11 GeV-' 


/3^s = 0.607 GeV 
Ar,o = 32.12 GeV-' 


f3r,q = 0.525 GeV 
Ar,s = 91.39 GeV-' 






13^0 = 0.486 GeV 


Pr^s = 0.525 GeV 


13^0 = 0.925 GeV 


/3^s = 0.525 GeV 



From Table IIIII and Table IIVI we can see that the results in the quark flavor scheme are better than those in the 
octet-singlet scheme in reproducing the decay widths related to the pseudoscalar and vector meson mixing. Concerning 
their behaviors after normalized by F(Q^)/F(0), the results of two schemes can be compared with each other as 
shown in Fig. [21-Fig. [51 Extrapolating to the timelike region by q± iqj_ [s^, we get form factors in timelike 
region compared with the experimental data in Fig. [5] and Fig.[71 But this region is limited due to the appearance of a 
singularity in the numerical calculation; i.e., the form factors in a large range of time-like region cannot be calculated 
simply through analytic extrapolation. In the limited timelike region our results are comparable with the experimental 
data. In the process u 717* , the timelike transition form factor produced by the quark flavor scheme is closer to the 
experimental pole formula simulation comparing to the octet-singlet scheme and the vector meson dominance models 
as shown in Fig. [6] and Fig. [71 In the process (f> —^ ?77*, the timelike transition form factors produced by the model are 
comparable to the data while there are big error bars in the experimental data. More experimental data are needed 
to reduce the error bars. 

The mixing angles we get in two schemes are, respectively, 0Qg = —16.05°, 6*,^ = 42.20°, 9^^ = 38.29° and 
= 86.82°. The pseudoscalar mixing angles approximately follow the ideal SU(3) relation 9^^ — 9^^ + 54.7°. They 
are comparable with the mixing angles determined by mass relation in PDG (2008) and other papers 

But 
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FIG. 6: The behavior of the normahzed form factor F^j^-k-^' (Cf') I F^j-^-k-^' (fS) using one-mixing-angle scenario and two- 
mixing-angle scenario in the octet-singlet mixing scheme and the quark flavor mixing scheme compared with the experimental 
data [13, [2l[ and the vector meson dominance (VMD) model result in the timelike region. 



TABLE IV: Experimental data [1^ for the decay constants and decay widths of uj,^ are compared with theoretical values. 
Parameters set in different schemes are listed below. 







Fth//th (GeV) 


FtiJU (GeV) 


Fth//th (GeV) 


Fth//th (GeV) 




Fcxp/,fcxp (GeV) 


(one- 


angle scenario 


(one- 


angle scenario 


(two-angle scenario 


(two-angle scenario 






in 


08 scheme) 


in 


qs scheme) 


in 08 scheme) 


in qs scheme) 


!<t>{^ e+e ) 


0.076 ± 0.012 




0.076 




0.076 


0.068 


0.076 


/„(a; ^ e+e") 


0.0459 ± 0.0008 




0.0458 




0.0459 


0.0475 


0.0456 


F^^^-,. (0) 


0.133 ±0.003 




0.133 




0.133 


0.131 


0.132 


Flo — >7r'y* (O) 


2.385 ± 0.004 




2.080 




2.385 


2.327 


2.295 


F0^,^«(O) 


-0.692 ± 0.007 




-0.135 




-0.573 


-0.581 


-0.662 


-FV^7j'7* (0) 


0.712 ±0.01 




0.267 




0.787 


0.853 


0.742 


Fuj-^r\-^'^ (O) 


0.449 ± 0.02 




0.477 




0.572 


0.453 


0.457 


Fri' — hjJ7* (O) 


0.460 ± 0.03 




0.482 




0.383 


0.450 


0.470 








42.20° 




86.82° 


6*8 = 12.17° 
eX = 77.82° 


= 86.71° 
eY = 93.43° 






= 


= 39.78 GeV"' 


-^ujq - 


= 46.15 GeV 


A^8 = 215.18 GeV"' 


A^q = 51.58 GeV-' 


Parameters 




/3a; 8 


= 0.481 GeV 




= 0.374 GeV 


13^8 = 0.332 GeV 


(5^q = 0.330 GeV 




A^Q - 


= 17.58 GeV-i 


Aujs ~ 


579.96 GeV"' 


A^o = 135.52 GeV"' 


A^s = 52.28 GeV"^ 








= 3.726 GeV 




= 0.291 GeV 


f3r,o = 0.358 GeV 


(5^s = 0.490 GeV 



the vector mixing angles do not follow the relationship 6*^ = + 54.7°. If we replace 0^ — 90° 9^^, i.e., change 
to another mixing expression: 

/ \ / cos 9^, - sm9l \ ( -ss \ 

U J " I sin^. cos9y )[^,inu + dd) ) ' (74) 

it can be seen that the mixing angle from the quark flavor mixing scheme 0^ — —3.18° has the opposite sign compared 
with one from the octet-singlet mixing scheme 9"^^ + 54.7° - 90° = 6.9° [suppose they can be compared through the 
ideal SU(3) relationship 9qs = 9os + 54.7°], and their absolute values are comparable with each other and also with 
the vector meson mixing angle coming from the mass relation in PDG (2008). In other papers, sometimes the vector 
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FIG. 7: The behavior of the normahzed form factor F^^rj-y* {Q'^) / F^-tr^-y' (0) using one-mixing-angle scenario and two- 
mixing-angle scenario in the octet-singlet mixing scheme and the quark flavor mixing scheme compared with the experimental 
data [10] and the VMD model result in the timelike region. 



meson mixing angle_is positive [13, SO, SH and sometimes it is negative [3, IH, , and there is always an alternative 
phase convention [44|. However, their absolute values are all comparable with each other approximately. In this 
paper we do not use the other phase convention, but just adopt the real rotation of the octet-singlet or quark flavor 
bases. The results seem to prefer the quark flavor mixing scheme, which gives us a negative vector mixing angle, when 
introducing only one mixing angle. 

The reproduction of decay widths with the one-mixing-angle scenario in the octet-singlet mixing scheme is not as 
good as that in the quark flavor mixing scheme. In order to improve the octet-singlet mixing scheme, it is natural to 
introduce two- mixing- angle scenario. 



C. Set rjrj' , (pcu parameters in the two-mixing-angle scenario in two mixing schemes 

The two- mixing- angle scenario was introduced to study pseudoscalar meson 77-77' mixing, especially concerning the 
decay constants 0, [lO . [lll | . Here we try to introduce two mixing angles to study the vector meson uj-ip mixing. 

First we restudy 77-77' mixing with two- mixing- angle scenario in the octet-singlet mixing scheme. When introducing 
two mixing angles, we cannot have explicit solution of Oq , 6^ like in the one-mixing-angle scenario in Eqs. (|62p . Using 
Eqs. (I43 | l44 l[54ll57|) as constraints, we can set the pseudoscalar meson mixing angles and the parameters of 77,77'. The 
reproduction of experimental data can be improved as shown in Table IIIII 

With the parameters of 77, r;' set, we can proceed to set the parameters of w, in the two- mixing- angle scenario in 
octet-singlet mixing scheme. Using constraints Eqs. (|70ll72p combined with Eqs. (|47ll50p . we get the parameters and 
reproduction of the decay widths listed in the fourth column in Tabic [TVl Obviously the experimental data are better 
reproduced in the two-mixing-angle scenario than in the one- mixing- angle scenario. 

Though the two mixing angles we get deviate a lot from each other( A^gg = 9q ~ 6^ = 23.33°, A^J^ — 6q — 9^ — 

65.65°), the average value of the two mixing angles is comparable with the one-mixing angle result: Oq^ = ° ^ ^ = 

-14.52° - 6*5^8 = -16.05°, ^ = ^^4^ = 45.00° - = 42.20°. 

As reviewed in Ref. , both octet-singlct mixing scheme and quark flavor mixing scheme can be introduced with two 
mixing angles, while the results from 77-77' study show that the difference of the two mixing angles in the quark flavor 
scheme is much smaller than that in the octet-singlet scheme. This suggests that the onc-mixing-angle approximation 
is more reasonable in the quark flavor scheme. So we introduce two-mixing-angle scenario in the quark flavor mixing 
scheme to study not only 77-77' mixing but also ui-(j) mixing. The steps are similar to those in the octet-singlet mixing 
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scheme, just by changing the octet and singlet bases to the quark flavor bases and replacing the constants cg,,co by 
Cq,Cs- The results we get are listed in the final columns of Tables Hill and Table HVl 

We can see that the reproduction of the experimental data in the two- mixing- angle scenario is also improved 
compared with the one- mixing- angle scenario in the quark flavor scheme. The differences between the two mixing 
angles in the quark flavor scheme are much smaller than those in the octet-sing let scheme: Ad^, = ef - 9^ ^ 3.32° < 
A^Qg, = OY ^ 0^ ^ 6.72° ^ AOq^. And their average values are also close to the one-mixing-angle scenario 

resuhs: 0f, = = 42.23° - 0^, = 38.29°, ^ = = 90.07° - 0^, = 86.82°. These resuhs also explain why 

one- mixing- angle approximation in the quark flavor scheme is more reasonable when studying 77-77' and Lu-(f> mixing. 

Now we have four set of parameters which can be used to reproduce the decay widths of the mesons and calculate 
the transition form factors of the mesons. The reproduction of the decay widths is improved by introducing two 
mixing angles in both schemes. The evolving behavior of the transition form factors is shown and compared 
in Fig. [2]-Fig. [T] It is interesting to notice that the three curves we get from the one- mixing- angle scenario in the 
quark flavor scheme, and the two-mixing-angle scenario in the quark flavor scheme and octet-singlet scheme are close 
to each other; however, the curve produced by the one- mixing- angle scenario in the ocetet-singlet scheme deviates 
from the other three. Concerning the behavior of the meson form factors, the mixing-angle results and the decay 
widths fit by the model, the best choices is the two-mixing-angle scenario in the quark flavor mixing scheme and in 
the octet-singlet mixing scheme. The one-mixing-angle scenario in the quark fiavor scheme is also acceptable, while 
the one- angle- mixing scenario in the octet-singlet mixing scheme deviates a lot from the other three and may be the 
worst one of the four choices. 



V. CONCLUSION 



The light-cone quark model is a useful approach to study hadronic properties in low energy region which is related 
to nonperturbative QCD. With the decay widths, form factors and radii of the mesons as constraints, we set the 
mixing angles and wave function parameters of the pseudoscalar mesons 77,77' and the vector mesons with two 
mixing angle scenarios in two mixing schemes. Comparing theoretical results with experimental data, we find that the 
results from the quark flavor mixing scheme are better than those from the octet-singlet mixing scheme and the results 
of the two-mixing-angle scenario are better than those of the one- mixing- angle scenario. We calculate the transition 
form factors in the spacelike region using the two mixing angle scenarios in two mixing schemes, respectively, and 
compare their behavior. By extrapolating the form factors to the limited timelike region, our results are comparable 
with the experimental data. The absolute values of vector meson mixing angles we get in two mixing schemes are 
comparable with each other. If one only introduces one mixing angle to study processes related to pseudoscalar and 
vector meson mixing, the quark flavor mixing scheme is more reliable than the octet-singlet mixing scheme. When 
introducing two mixing angles, both schemes work well. 
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APPENDIX A: 



After getting the wave functions of the mesons through the Melosh-Wigner rotation or vertices in Eq. (|13p equiva- 
lently, we can calculate the decay constant fp of a charged pseudoscalar meson P: 

fp = Ip^i.[mq^,mq^,Ap,Pp], (Al) 

in which 

The form factor of a pseudoscalar meson P is 

FpiQ^) ^ Qqjpp[mq^,mg^, Ap, f3p] + Qq^Jpp[mq^,mq^, Ap, Pp], (A3) 
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in which 



-^g^3 ip*p{x,'k'j_)ipp{x,k_i_) 



{niqi {1- x) + niq^xf + k± ■ k'^ 



^y {iriq^ (1 - a;) + rUq^xY + k^-^(mqi (1 - a;) + niq^xY + k''l 



The transition form factor of a pseudoscalar meson Fp^^j*{Q'^) is 



in which 



Fp^^^, = q2 j^^^^ [^^^ ^^]^ 



Ip^^.[mq,Ap,(3p\ = 4\/6 / 3 (pp{x,k^) — = 



x{l — x) 



The decay constant of a neutral vector meson V is 

d.Td2k_L 1 



. r- [ d.-Ed^k_L 1 / , \ 

J IBtt'^ Jxil - x) 



m? ml+ k!l 



2k\ +mq{M + 2m, 



2 • 



\/x{l-x) ^k\+ml{M + 2mq) 



(A4) 



(A5) 



(A6) 



(A7) 



APPENDIX B: 



In two-mixing-angle scenario in the quark flavor mixing scheme, the mixing of the vector mesons is defined by 



la;) 



cose"^ -sin 6*,^ \ / \ujq) 



the decay constants and transition form factors of the vector mesons are: 



u 



COS 9^ -sin 6*^ 
sin 9q cos 6Y 



fuJq 



(Bl) 



(B2) 







(B3) 



in which, 



\ -fry'— »aJ7* {Q ) 



COS 9^ -sin 6*]^ 
sin 9q cos 9Y 



cos 9^ — sin 9^ 



smt 



cost 




Puq^TT-y* {Q"^) — ■^^{"^QuIvPfi'mq^A^^, (3i^^,A^, (3^] — 2QdIvpj[mq, A^^^, Pu^,A„, P^]) 

= IvPj [mq , A^^ , Pi^^ ,A^,Pt^] 
F^^^r,,i'{Q^) = -^^{^QuIvPj[mq,A^^,(3^^,An^,pr,,]+'iQdIvP',[mq,A^^,p^^,An^,Pr,q]) 

= llvP^[mq,A^^,/3^^,Arf^,Pr,^] 

sly Pi [ms, A^^ , , Ajj^ , /?^J- 



(B4) 



(B5) 



In the two-mixing-angle scenario, 9^ , 9^ , 9^ and 9Y are fit separately. When setting 9^ = 9^ = 9qg, 9^ = OY = O^a, 
one returns back to the one-mixing-angle scenario. 
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